The ecology of virulent strains of Rhodococcus equi on horse farms is likely to influence the prevalence and severity of R. equi pneumonia in foals. This study examined the association between the ecology of virulent R. equi and the epidemiology of R. equi pneumonia by collecting air and soil samples over two breeding seasons (28 farm-year combinations) on Thoroughbred breeding farms with different reported prevalences of R. equi pneumonia. Colony blotting and DNA hybridization were used to detect and measure concentrations of virulent R. equi. The prevalence of R. equi pneumonia was associated with the airborne burden of virulent R. equi (both the concentration and the proportion of R. equi bacteria that were virulent) but was not associated with the burden of virulent R. equi in the soil. Univariable screening and multivariable model building were used to evaluate the effect of environmental and management factors on virulent R. equi burdens. Lower soil moisture concentrations and lower pasture heights were significantly associated with elevated airborne concentrations of virulent R. equi, as were the holding pens and lanes, which typically were sandy, dry, and devoid of pasture cover. Few variables appeared to influence concentrations of virulent R. equi in soil. Acidic soil conditions may have contributed to an elevated proportion of virulent strains within the R. equi population. Environmental management strategies that aim to reduce the level of exposure of susceptible foals to airborne virulent R. equi are most likely to reduce the impact of R. equi pneumonia on endemically affected farms.
Rhodococcus equi has been recognized as a pulmonary pathogen of horses for over 80 years (16) , causing significant morbidity and some deaths in foals, typically between the ages of 1 and 4 months. R. equi may be avirulent or virulent in foals. Virulent isolates carry an 85-to 90-kb plasmid containing virulence-associated protein (vap) genes and have been isolated from the lungs of diseased foals (11, 26, 29) . The virulence plasmid is required to produce disease in foals. Strains lacking these plasmids are regarded as avirulent or intermediately virulent in foals and are not associated with disease, (13, 28) . Serological testing of horses has demonstrated a high prevalence of exposure to R. equi (30, 34) . R. equi bacteria have been isolated from the soil of many horse farms. Virulent R. equi has been isolated on farms where R. equi pneumonia was considered endemic as well as on farms with no history of R. equi disease (17, 31) . It has been suggested that the prevalence of virulent R. equi within the soil R. equi population and the concentration of virulent R. equi in soil affect the prevalence of R. equi pneumonia (24) . However, factors that influence the survival and proliferation of virulent R. equi on a farm and its propensity to infect the lungs of foals are unknown. Assessment of the environmental virulent R. equi burden on farms has relied on isolation of bacteria from soil and subsequent assessment of the presence of the virulence-associated protein A gene (vapA) by PCR or of the VapA protein by immunoblotting (25, 33) . The primary route of infection is thought to be inhalation of aerosolized virulent R. equi, so measurement of the airborne concentration of virulent R. equi, rather than of the concentration in soil, may yield a more meaningful assessment of the risk of disease on a farm.
We have developed a novel technique to measure airborne and soil concentrations of R. equi on farms (19) , allowing quantitative assessment of environmental R. equi populations on farms. This work used techniques developed previously to examine the relationships between the concentration of virulent R. equi, the proportion of R. equi isolates that were virulent, environmental and management variables, and the prevalence of R. equi pneumonia on farms.
MATERIALS AND METHODS
Description of farms and sampling period. Samples were collected from Thoroughbred breeding farms in the 2000 and 2001 horse breeding seasons. In the 2000 season, samples were collected from six farms in Victoria, Australia. In the 2001 season, samples were collected from 10 farms in Victoria and 12 farms in New South Wales (NSW), Australia. In total, three state-year combinations comprising 28 farm-year combinations were studied in the two seasons. R. equi pneumonia was endemic on some of the farms included in the study group, while other farms had no recent history of R. equi pneumonia prior to the study and did not report a single case of disease caused by R. equi during the study period. The area of the farm used for horse husbandry (farm size) ranged from 36 to 182 ha, and the maximum number of foals on the farms ranged from 42 to 488. The six Victorian farms sampled in 2000 were also sampled in 2001.
Samples collected. In Victoria during the 2000 breeding season, monthly samples were collected on each farm between September 2000 and February 2001 inclusive. Four paddocks (fenced, spacious, outdoor fields covered with grass that are used to keep grazing horses) that contained mares and foals (mare-foal paddocks) were selected at random on each farm. Air and soil samples were collected from these paddocks each month throughout the study period. Foals on these farms ranged in age at the time of sampling from newborn to 4 to 5 months. Air and soil samples were collected around feeding stations, as these were areas where horses congregated to be fed, and consequently these areas had lower pasture cover and were dusty, conditions considered to be important in infection by many investigators (2, 10, 14, 20, 21, 32). Air samples were also collected monthly from holding pens (small outdoor fenced areas used to confine horses for convenience while procedures such as breeding of mares, veterinary treatment, and farriery are completed) and lanes (paths along which horses are moved to and from pens and paddocks), starting in On farms in NSW, air and soil samples were collected only during November and December 2001, for logistical reasons. Samples were collected from four mare-foal paddocks, a holding pen, and a lane on each of the 12 farms. The paddocks were randomly selected in November, and these paddocks were sampled again the following month.
Foals. The number of foals in each of the sampled paddocks was recorded at the time of sampling as a measure of paddock group (or mob) size. The total number of foals on the farm and their ages at the time of each sample collection were obtained from the farm manager. Each farm manager provided information on foaling dates and the number of foals on the property between specific dates coinciding with the times of sample collection. They also provided data on cases of R. equi pneumonia, including the age of the foal at diagnosis, the date of diagnosis, and the clinical outcome of each case. Cases of R. equi pneumonia had two or more of the following diagnostic features: clinical signs of pneumonia, ultrasonographically detectable pulmonary abscesses, leukocytosis with a neutrophilia and fibrinogenemia, and positive R. equi culture results from tracheal lavages.
Environmental samples. Air samples were collected using a portable air monitoring system (M Air T; Millipore, Saint-Quentin-Yveline, France) loaded with a cassette containing NANAT medium (36) . The air monitoring system was placed approximately 5 cm above the soil surface, and two or three samples of increasing volume were taken at each location (250 liters, 500 liters, and 1,000 liters). The sieve of the air monitoring system was immediately adjacent to the agar and contained perforations that facilitated delivery of air onto the agar surface. The sieve was disinfected with an isopropanol wipe (Isowipe; KimberlyClark, Milson's Point, NSW) before the collection of each sample. After incubation at 37°C for 48 h the plates from the largest volume of air sampled that had well-spaced colonies and did not have any fungal contamination were used for enumeration of environmental R. equi (representative cultures).
Adjacent to each air sampling site in the paddock, holding pen, or lane, two superficial soil samples (down to a depth of 5 cm) were taken using a soil auger. The auger was disinfected with an isopropanol wipe before each sample was collected. Samples were placed in sterile containers and sealed with an airtight lid for transfer to the laboratory. One sample was used for analysis of soil characteristics (pH, moisture, and texture), while the other was used for microbiological analysis. The samples for microbiological testing were air dried and placed at Ϫ70°C for storage. Diluted soil samples were later cultured to quantify R. equi in soil by dilution of 1 g in 9 ml phosphate-buffered saline and spreading 50 or 100 l onto duplicate NANAT agar plates. After incubation at 37°C for 48 h, representative cultures were selected for enumeration of environmental R. equi, as for the air samples.
At least 10 g (wet weight) of soil from each sampling site was weighed and then incubated at 200°C for approximately 2 h. The samples were then reweighed, and the soil moisture was determined and expressed as a percentage of the wet weight. Approximately 10 g of the oven-dried soil was added to 25 ml of distilled water. Samples were then mixed thoroughly by vortexing or placed in a shaker at 200 rpm for 15 to 30 min. The pH was then determined using a pH meter (35) . Soil that was not used for measuring moisture or pH was used to assess soil texture (sand or clay) based on methods described previously (18) .
At the time of air sample collection from each paddock, the pasture (grass and/or clover) height was measured at 20 randomly chosen sites within a 10-m radius of the sampling site. The mean of the 20 measurements was used as an estimate of pasture height in the sampled area of the paddock. The lanes and pens were generally devoid of grass, and consequently no pasture height measurement could be made in these areas.
Mean temperature, humidity, and wind speed data for the period of the day when samples were collected were obtained for the Australian Bureau of Meteorology weather station nearest to each farm (within 30 km) from www.bom .gov.au.
Colony blotting and DNA hybridization. Single representative air and soil samples from each paddock, pen, and lane on each farm at each time of sampling were selected for colony blotting and DNA hybridization to identify and differentiate R. equi colonies (19) . In total, 768 air samples and 708 soil samples were blotted and probed. Blots were probed using radiolabeled PCR product amplified from the R. equi rrnA gene to identify R. equi colonies. The blot was then stripped and reprobed using radiolabeled PCR product amplified from the virulent R. equi vapA gene. This allowed quantitative evaluation of the R. equi population. Colony blotting was performed as described previously (19) with a virulent R. equi control (isolate number 7) and an avirulent R. equi control (isolate number 128) and a negative control (Corynebacterium ammoniagenes) incorporated into each blot.
Statistical analysis. The number of CFU of R. equi bacteria per 1,000 liters was calculated for each air sample, and the number of CFU per milligram was calculated for each soil sample. The geometric means of the concentrations of R. equi and the concentrations of virulent R. equi were determined for each farmyear combination. A value of 1 was added to all data before the calculation of the geometric mean. The proportions of R. equi bacteria that were virulent were derived from these geometric means.
The Mann-Whitney test was used to evaluate the significance of associations between categories of R. equi concentration and the prevalence of disease caused by R. equi at the farm level. The farm levels were defined as the 28 farm-year combinations. The geometric mean concentration and the proportion of R. equi bacteria that were virulent in air and soil samples were categorized according to the approximate upper quartile points over the 28 farm-year units.
As the concentrations of R. equi and virulent R. equi in the soil and air samples were not normally distributed, Spearman's rank correlation coefficient (r s ) was used to establish the strength of the correlation between paired soil and air samples for both the concentration of R. equi and the concentration of virulent R. equi, with an r s of Ͼ0.5 regarded as indicative of a strong correlation. McNemar's test was used to compare the proportion of soil samples that were positive for R. equi or for virulent R. equi to the proportion of air samples that were positive for R. equi or for virulent R. equi. An adjustment to McNemar's test to account for clustering of observations within farm-year was performed according to the method of Eliasziw and Donner (9) by use of the program "PAIRSetc" (1) .
The concentrations of R. equi in air or soil were not normally distributed, with an excess of 0 counts. The variance was greater than the mean, so the distribution was also overdispersed compared with a Poisson distribution, which has a variance equal to the mean. A visual comparison of the distribution of the counts with both a Poisson distribution and a negative binomial distribution was made using the nbvargr macro of Stata (Stata Corporation, College Station, TX). The negative binomial distribution was a better fit to the data, and this distribution was used in statistical models.
There were 28 farm-year combinations. Within each of these combinations there were between 12 and 42 observations, so the observations were clustered. To take account of this clustering, a random-effects negative binomial model (xtnbreg) was used (6, 12) (Stata cross-sectional time-series reference manual, release 8; Stata Corporation, College Station, TX). The model-building strategy involved two stages. All predictor variables were screened in a univariable random-effects negative binomial regression. Four outcome variables were used individually when screening the predictor variables. These were the concentrations of R. equi in air or soil and the concentrations of virulent R. equi in air or soil. Only predictor variables with a P of Ͻ0.25 as determined using a likelihood ratio test were included in the second stage. For the second stage, we used a backward stepwise method to arrive at a final model that only included statistically significant variables. The criterion for exclusion of a variable was a P of Ն0.05 and for inclusion was a P of Ͻ0.05 as determined using a likelihood ratio test.
Each environmental and stocking variable (excluding state-year and date) was assigned to one of two categories based on the median, lower or upper quartile, and biological relevance. Soil moisture, pasture height, and soil pH cutoff values were based on the median. As a pH of Ͻ6 favors the expression of virulence genes by R. equi, this cutoff has biological relevance (20, 24) . The remaining environmental variables were categorized based on either the lower or upper quartile points of the data. The categories or cutoff values for the predictor variables are shown in Table 1 .
Colinearity between predictor variables (environmental and stocking [i.e., group size], excluding state-year and date) was assessed by calculating Spearman's rank correlation coefficient and the odds ratio (OR) between binary predictor variables. A rank correlation coefficient of more than 0.8 was regarded as suggestive of colinearity (8) .
Missing values for predictor variables were taken into account in the second stage by only including observations that did not have any missing values for the variables that entered the second stage. If only one variable remained in the final model and it had some missing values, the number of observations used for this VOL. 72, 2006 ECOLOGY OF R. EQUI AND DISEASE 6153
on October 14, 2017 by guest http://aem.asm.org/ final model was equal to the number of observations at the beginning of the backward stepwise process when other variables were eligible for deletion. The majority of predictor variables did not have missing values, and the two variables (wind speed and soil moisture content) with the most missing values had less than 8% of observations missing. The exponential of a coefficient from the random-effects negative binomial regression model was interpreted as a count ratio (CR) for a unit change in the predictor variable (8) . When the predictor variable was categorical, with two levels or groups, this represented the count ratio of being associated with the factor (the level that was coded as 1) compared to the reference group (the level coded as 0). The count ratio was the ratio between the mean counts in the two groups. For example, if the count ratio was 1.5, this would indicate that the concentration of R. equi increased by 50% for a unit change in the predictor variable.
Two analyses were conducted, because pasture height and foal group size were not applicable to the pen or lane areas of a farm. One analysis included pasture height and the group size as well as other variables, and so was only applicable to the paddocks. The other analysis excluded pasture height and numbers of foals on the paddock in the screening process and so was applicable to all locations (paddocks, pens, and lanes) on the farm.
The change in the estimate of the CR of the variables in the final model when a new variable was added to the final model was used to assess potential confounding variables. A change of over 10% in the CR was regarded as confounding. If the number of valid observations was decreased when adding the single variable, the assessment of confounding was done on a final model that included only observations where the single added variable was not missing. This occurred only when wind speed was the single variable that was added. The statistical significance of the added variable was also noted. This allowed assessment of variables that were not included in the final model.
A random-effects logistic regression analysis was performed using the generalized linear latent and mixed model (gllamm) macro of Stata to assess predictor variables for the proportion of R. equi bacteria that were virulent in air and soil separately. The proportion of R. equi bacteria that were virulent in an air or soil sample was defined as the concentration of virulent R. equi divided by the total concentration of R. equi. Only samples containing more than 4 CFU of R. equi per unit of measurement in the denominator of the proportion were used in the regression analyses.
The univariable screening and multivariable model-building processes were performed as described above, and the same predictor variables were used. The unit of analysis was the proportion, with a binomial denominator of 1 used in the gllamm command. The adapt option (adaptive quadrature) of gllamm, instead of ordinary quadrature, was used to fit the models.
McNemar's test, xtnbreg (Stata cross-sectional time-series reference manual, release 8; Stata Corporation, College Station, TX), and random-effects logistic regression (gllamm) (22) were performed using Stata 8.2. All other statistical analyses were performed using Minitab for Windows version 12. Statistical significance was regarded as represented by a P of Ͻ0.05.
RESULTS
R. equi pneumonia on farms. Cases of R. equi pneumonia were reported for 24 of the 28 farm-year combinations. In total, 296 cases of R. equi pneumonia were reported on participating farms during the study period. The prevalence of R. equi pneumonia on these farms ranged from 0% (in four farmyear combinations) to 20.8%. Cases were first reported in September, and the prevalence increased to a maximum during November and December and declined subsequently ( Table  2) . A total of 15 deaths due to R. equi pneumonia were reported for 11 farm-year combinations. The overall prevalence of R. equi pneumonia on NSW farms was approximately double that seen on Victorian farms.
The age at diagnosis of R. equi pneumonia was provided for Table S1 in the supplemental material). The youngest foal diagnosed with R. equi pneumonia was 16 days of age, and the oldest was 158 days of age. Of the 15 deaths only 1 was reported for a foal diagnosed at an age of more than 60 days. Table 3 .
The correlation between the concentrations of R. equi in the paired soil and air samples was weakly positive (r s ϭ 0.11), as was that between the concentrations of virulent R. equi in the paired soil and air samples (r s ϭ 0.12).
A greater proportion of soil samples than air samples yielded both R. equi and virulent R. equi. The odds of recovery of R. equi from soil samples were 2.8 times greater than the odds of recovery from air samples (P Ͻ 0.001), but the odds of recovery of virulent R. equi from soil samples were only 1.5 times greater than the odds of recovery from air samples (P ϭ 0.02) ( Table 4) .
The variances of the concentrations of R. equi and virulent R. equi in air samples were both about 25 times greater than the means. The variances of the concentrations of R. equi and virulent R. equi in soil were at least 5 times greater than the means. The concentrations of avirulent R. equi and the concentrations of virulent R. equi in air and soil both followed a negative binomial distribution with a degree of overrepresentation of even-numbered concentrations, especially in the air samples, due to the effect of using 500-liter and 250-liter samples to estimate concentrations per 1,000 liters (see Fig. S1 in the supplemental material).
Although logarithmic transformation did not normalize the data, its use was deemed appropriate (because bacterial growth is exponential) to describe the concentrations of R. equi and virulent R. equi by use of the geometric means of the data after a value of 1 had been added to each value to allow the inclusion of all data in the calculations.
Virulent R. equi on farms. The associations between the prevalence of R. equi pneumonia and the geometric mean of the environmental burden of R. equi and virulent R. equi and the proportion of virulent R. equi were examined using the Mann-Whitney test (Table 5) .
The median prevalence of R. equi pneumonia on farms with a geometric mean airborne concentration of virulent R. equi of Ն1 CFU/1,000 liters was significantly greater (P ϭ 0.008) than on farms with airborne concentrations of virulent R. equi of Ͻ1 CFU/1,000 liters. Similarly, the median prevalence of disease due to R. equi on farms on which Ն35% of airborne R. equi were virulent was significantly greater (P ϭ 0.001) than on farms on which a lower proportion of airborne R. equi were virulent. There were no associations between the concentrations of R. equi, concentrations of virulent R. equi, and proportion of R. equi bacteria that were virulent in the soil and the prevalence of R. equi pneumonia.
Foal population dynamics. In the 2000 and 2001 seasons, most farms had the maximal number of foals Ͻ16 weeks of age in the middle of the season (November and December) (see Table S2 in the supplemental material). The proportions of foals between the ages of 4 and 12 weeks was also highest on farms in the middle of the season and then dropped rapidly by the end of the season (January and February). Farms where R. equi pneumonia was not reported had fewer than 50 foals Ͻ16 weeks of age and fewer than 30 foals between 4 and 12 weeks of age throughout the season or had peak numbers of foals in the 4-to 12-week age group occurring earlier in the season (September and October).
Univariable and multivariable analyses. The outcome variables of the concentration of R. equi and concentration of virulent R. equi in both air and soil had multiple variables associated with them (P Ͻ 0.25) in the univariable analyses, so these were used in the multivariable analyses. Date of sample collection, location within the farm, and temperature were significantly associated (P Ͻ 0.05) with the airborne concentrations of R. equi at all locations ( Table 6 ). The greatest deviation of the count ratio (CR) from 1.0 was for the association between airborne concentrations of R. equi and the location within the farm. The airborne concentrations of R. equi in the pens and lanes were almost double (CR ϭ 1.93) those in the paddocks.
Temperature and date of sample collection were the only variables significantly associated with the airborne concentrations of R. equi in paddocks ( Table 6 ). The airborne concentrations of R. equi in paddocks in the middle of the season were almost double (CR ϭ 1.97) those seen in the earlier part of the season.
Variables that were significantly associated with the airborne concentrations of virulent R. equi at all locations were the state-year, date, location within the farm, and soil moisture ( Table 6 ). The greatest deviations of the CR from 1.0 were for the associations between the airborne concentrations of virulent R. equi and state-year, date, and location within farm. The airborne concentrations of virulent R. equi were 62% lower on Victorian farms in the 2000 season and 54% lower in the 2001 season than on NSW farms in 2001. The airborne concentrations of virulent R. equi were 75% greater in the middle of the season and 112% greater late in the season than early in the season, and in the pens and lanes the airborne concentrations of virulent R. equi were 91% greater than in the paddocks.
The state-year, pasture height, soil moisture, and mean ambient temperature were significantly associated with the airborne concentrations of virulent R. equi in paddocks (Table 6 ). The airborne concentrations of virulent R. equi were 63% greater in paddocks with a low pasture height (Յ10 cm) than in paddocks with a greater pasture height, 52% greater in paddocks with low soil moisture (Յ10% water) than in those with higher soil moisture, and 64% greater in paddocks when the mean ambient temperature at sampling was high (Ͼ25°C) than when the average ambient temperature was lower (Յ25°C). The paddocks on Victorian farms in the 2000 and 2001 seasons had 74% and 46% lower concentrations of airborne virulent R. equi, respectively, than those on NSW farms in 2001 (Table 6 ).
Soil moisture, humidity, and date were significantly associated with the concentrations of R. equi in soil at all locations (Table 7) . Dry soils (Յ10%) had 23% lower concentrations of R. equi than moist soils (Ͼ10%), while a low mean air humidity at sampling (Յ70%) was associated with concentrations of R. equi in soil 31% higher than in samples collected in more humid conditions. Soil samples collected in the middle and late parts of the season had higher concentrations of R. equi than those collected early in the season.
The foal group size in a paddock and air humidity were significantly associated with the concentrations of R. equi in soil on paddocks (Table 7) . Soil samples collected when the mean air humidity was low (Յ70%) had concentrations of R. equi 27% higher than soil samples collected in more humid conditions, while the concentrations of R. equi in soil samples collected from paddocks with a greater foal group size (containing more than seven foals) were 23% lower than in samples from paddocks with fewer foals (seven or fewer foals).
State-year was the only variable significantly associated with the concentration of virulent R. equi in soil at all locations ( Table 7 ). The concentrations of virulent R. equi were 54% lower in soil samples from Victorian farms in the 2000 season than in those from NSW farms in the 2001 season.
No variables were significantly associated with the concentration of virulent R. equi in soil from paddocks alone ( Table 7) .
All but one of the CRs for variables in the final models changed by less than 10% when different variables were added, suggesting that there was no confounding. The exception was the final model for airborne concentrations of virulent R. equi, where the CR for the mean ambient temperature at the time of sampling increased from 1.64 to 1.92 when humidity was added to the model. There were no occasions when the added variable was significant (P Ն 0.05).
No significant (P Ͻ 0.05) associations were found in the univariable or multivariable analyses between any variable and the proportions of R. equi bacteria that were virulent in air or in soil samples. Some weak associations (P Ͻ 0.25) were seen in the univariable analyses between soil texture and soil moisture and the proportions of airborne R. equi bacteria that were virulent. The largest OR was for the association with soil moisture, with the odds of an R. equi recovered from an air sample being virulent in drier soil samples (Յ10% water) being 1.77 times the odds seen with moister soil samples (Ͼ10% water) (P ϭ 0.10). A weak association (P Ͻ 0.25) was also seen in the univariable analysis between soil pH and the proportion of R. equi bacteria in soil that were virulent. The odds that an R. equi organism recovered from soil was virulent in acidic soil (pH Ͻ 6) were 1.57 times the odds seen with more alkaline soil (pH Ͼ 6) (P ϭ 0.15). Correlations between predictor variables. To evaluate the associations between binary environmental and stocking predictor variables used in the regression analyses, Spearman's correlation coefficients and odds ratios were calculated.
There was no significant colinearity (r s Ͼ 0.8) between any of the predictor variables. However, a strong positive relationship was seen between temperature and humidity (r s Ͼ 0.5) when assessing the binary relationship between high temperature (Ͼ25°C) and low humidity (Յ70%) (OR ϭ 22.2). Other variables with positive relationships (0.3 Ͻ r s Ͻ 0.4) were sandy soils and pen and lane locations (OR ϭ 6.1), low soil moisture (Յ10% water) and sandy soil (OR ϭ 4.1), and low soil moisture (Յ10% water) and pen and lane locations (OR ϭ 5.1).
DISCUSSION
This study showed that both the airborne concentration of virulent R. equi and the proportion of airborne R. equi bacteria that were virulent were associated with the prevalence of R. equi pneumonia on Thoroughbred horse breeding farms (Table 5). These results confirm the anecdotal and experimental evidence that inhalation of virulent R. equi is the main route of pulmonary infection of the foal. Furthermore, these observations support the hypothesis that it is the size of the challenge with aerosolized virulent R. equi that influences the likelihood that a pulmonary infection will develop into clinical pneumonia (14, 20, 21) . No association was observed between the concentration of virulent R. equi or the proportion of R. equi bacteria that were virulent in soil samples and the prevalence of R. equi pneumonia. This is in contrast to previous studies (24, 31) that found an association between soil contamination and disease. These findings suggest that it is the capacity for aerosolization of virulent R. equi that is the most critical aspect of the epidemiology of the disease.
Multiple environmental and management factors influenced the concentration of virulent R. equi on farms in this study. Warm ambient temperature and low pasture height were associated with elevated airborne concentrations, as was dry soil. Dry soil was also associated with elevated proportions of airborne R. equi bacteria that were virulent. This supports the use of farm management practices based upon conclusions of previous investigators that increased soil moisture and good pasture cover on paddocks may reduce the level of exposure to aerosolized virulent R. equi (14, 20, 21) . There were very few associations between environmental factors and the concentration of virulent R. equi in soil. Increased proportions of R. equi bacteria that were virulent were common in acidic soil, and while this association was not statistically significant in this study, it may be worthy of further, more focused investigation, as laboratory studies have shown that a variety of R. equi virulence genes are upregulated under acidic conditions (3, 23) . The lanes and pens were associated with higher concentrations of airborne virulent R. equi. Lanes and pens had low soil moisture and poor grass cover. Consequently, greater time spent in these areas would be expected to increase the exposure of foals to higher levels of airborne virulent R. equi, which in turn is likely to increase the relative risk of foals contracting R. equi pneumonia. The high airborne concentrations of virulent R. equi in the lanes and pens make these areas dangerous places to allow foals to congregate for any extended period of time. Such areas could be considered potential infection "hot spots."
Aerosolization of virulent R. equi appeared to be influenced by the soil texture. The most prominent environmental factor influencing airborne concentrations of virulent R. equi and the proportions of airborne R. equi bacteria that were virulent was soil moisture, and this variable was associated with soil texture. Sandy soils tended to be drier than clay soils. The soils in holding pens and lanes were sandy on many farms. The reduced capacity of sandy soils to hold water and their generally lower concentrations of nutrients (15) may favor survival, replication, and/or aerosolization of virulent R. equi. The upregulation of vap gene expression within the endosome of the macrophage is considered part of the mechanism by which the organism survives intracellular killing (4, 23) . In vitro studies have found that expression of some vap genes is upregulated when concentrations of micronutrients are restricted, mimicking the endosome environment (23) . Even though upregulation of vap genes is most potent in the intracellular environment of the macrophage, it may occur at reduced levels under harsh environmental conditions, possibly contributing to the survival and replication of virulent R. equi bacteria outside the host. R. equi bacteria have been shown to be acid tolerant (5), and acidic conditions and high temperatures have been shown to be positive regulators of the expression of vap genes, with vapA optimally expressed at 38°C in a mildly acidic (pH ϭ 6.5) environment (5, 23, 27) . The association between acidic soils and elevated proportions of virulent R. equi in soil was not statistically significant but did suggest that the soil pH may have some influence on the survival of virulent R. equi outside the host. However, the lack of statistically significant associations between environmental variables and the concentration of virulent R. equi in soil suggests that key environmental factors, other than fecal contamination, influencing the proliferation of virulent R. equi in the soil may still need to be identified. Investigating the expression of vap genes and other plasmid-encoded genes in various soil environments may be worth considering in future studies exploring mechanisms that may influence the environmental survival and replication of virulent R. equi.
The stronger association between predictor variables and the concentrations of virulent R. equi in air compared to soil may reflect the habitat of virulent R. equi in the surface soil. As the soil samples that were analyzed were core samples taken down to a depth of 5 cm, they were unlikely to fully reflect the bacterial population in the most superficial soil, which was the soil layer most likely to be aerosolized and thus more likely to be represented in air samples. The air samples were also likely to reflect a relatively greater area than the soil samples. Thus, the greater relative concentrations of virulent than of avirulent R. equi in air, as indicated by the generally higher proportions of R. equi bacteria that were virulent in air samples compared to soil, suggest that virulent R. equi may predominate in the most superficial soil layers.
Previous studies have noted that the likelihood of a farm reporting cases of R. equi pneumonia increases with increased foal numbers and stocking density (7) . This association appeared to be affected by the age dynamics of the foal population. Farms that did not report R. equi pneumonia in the 2001 season all had low numbers of foals Ͻ16 weeks of age during the sampling period and between 4 and 12 weeks of age throughout the season or had peak numbers of foals between 4 and 12 weeks of age occurring earlier in the season. Reducing the number of foals under 3 to 4 months of age throughout the season, but especially when environmental conditions become warmer and drier, may reduce the risk of R. equi pneumonia. As stocking density was not measured directly in this study, we cannot comment in detail about the effect of stocking density on burdens of environmental R. equi and the risk of disease in foals, but we suggest that farmers may wish to avoid stocking foals less than 3 to 4 months of age at high densities during the warmer and drier months of the season.
The southern hemisphere Thoroughbred breeding season spans the spring and summer months, with the first foals being born in August and more than 95% of mares foaling by the end of December. The tightly regulated Thoroughbred breeding season results in a close relationship between the age of foals and calendar month of the year on most farms, so variations in environmental factors between and within years may affect the prevalence of disease. The majority of cases occurred in the middle of the season, in association with significant increases in the airborne concentrations of virulent R. equi and the peak in the number of foals between 4 and 12 weeks of age. Airborne virulent R. equi burdens continued to be high later in the season, but this was not associated with a continued high prevalence of R. equi pneumonia, probably because the number of foals aged between 4 and 12 weeks had begun to fall on most farms.
This work has highlighted the importance of the airborne R. equi population in determining the prevalence of R. equi pneumonia and identified important ecological factors that facilitate aerosolization of virulent R. equi (i.e., soil moisture, sandy soils, poor pasture cover). These factors affected the concentration of airborne virulent R. equi and the proportion of airborne R. equi bacteria that were virulent in the environment of susceptible foals and appeared to influence the prevalence of R. equi pneumonia and contribute to the severity of disease. Environmental management strategies focusing on reduction of the level of aerosol exposure to susceptible foals through the use of selective irrigation in dry areas such as holding pens and lanes, avoidance of areas with soils with a low water-holding capacity (i.e., sandy areas), and maintenance of good pasture cover where foals between the ages of 4 and 12 weeks are kept are likely to substantially reduce the impact of R. equi pneumonia on the horse-breeding industry. 
